RECK is a membrane-anchored glycoprotein that may negatively regulate matrix metalloproteinase activity to suppress tumor invasion and metastasis. Our previous study indicated that oncogenic RAS inhibited RECK expression via a histone deacetylation mechanism. In this study, we address whether DNA methyltransferases (DNMT) participate in the inhibition of RECK by RAS. Induction of Ha-RAS Val12 oncogene increased DNMT3b, but not DNMT1 and DNMT3a, expression in 2-12 cells. In addition, induction of DNMT3b by RAS was through the extracellular signal-regulated kinase signaling pathway. Oncogenic RAS increased the binding of DNMT3b to the promoter of RECK gene and this binding induced promoter methylation, which could be reversed by 5 ¶-azacytidine and DNMT3b small interfering RNA (siRNA). The MEK inhibitor U0126 also reversed RAS-induced DNMT3b binding and RECK promoter methylation. Treatment of 5 ¶-azacytidine and DNMT3b siRNA restored RECK expression in 2-12 cells and potently suppressed RAS-stimulated cell invasion. In addition, the inhibitory effect of 5 ¶-azacytidine on RAS-induced cell invasion was attenuated after knockdown of RECK by siRNA. Interestingly, human lung cancer cells harboring constitutively activated RAS exhibited lower RECK expression and higher promoter methylation of RECK gene. 5 ¶-Azacytidine and DNMT3b siRNA restored RECK expression in these cells and effectively suppressed invasiveness. Collectively, our results suggest that RAS oncogene induces RECK gene silencing through DNMT3b-mediated promoter methylation, and DNMT inhibitors may be useful for the treatment of RAS-induced metastasis. (Cancer Res 2006; 66(17): 8413-20) 
Introduction
Mutations in the RAS proto-oncogene are frequently found in various types of human cancer. Aberrant activation of this oncogene has been implicated in many aspects of the malignant phenotypes, including proliferation, transformation, invasion, and metastasis (1, 2) . Numerous studies have shown that oncogenic RAS induced the characteristics of the metastatic phenotype in transformed cells (3) (4) (5) . However, the underlying mechanism is poorly characterized. Recently, several potential mediators for RAS-induced metastasis have been identified, including cytoskeleton proteins (6) (7) (8) , integrin (9) (10) (11) (12) , cadherin (13) (14) (15) , angiogenic factors (16, 17) , and matrix metalloproteinase (MMP). The role of RAS in the regulation of MMPs is particularly interesting. MMPs are a large family of zinc-dependent endopeptidases that participate in various cellular processes. This family of proteins consists of at least 26 enzymes and can be grouped into different subtypes based on the substrate specificity and sequence characteristic (18, 19) . Previous studies showed that RAS oncogene up-regulated MMP-2 and MMP-9, two MMPs that played critical roles in tumor metastasis, in transformed cells (20, 21) . Therefore, MMPs are important mediators for RAS-induced metastasis.
It should be noted, however, that MMPs are synthesized as inactive precursors and must be activated by proteolytic cleavage, a process that can be blocked by MMP inhibitory proteins (22) . Recently, several MMP inhibitory proteins, including tissue inhibitor of metalloproteinases and RECK, have been identified. The RECK gene was isolated as a transformation suppressor gene that induced flat reversion in v-Ki-RAS-transformed NIH3T3 cells (23) . This gene encodes a membraneanchored glycoprotein that can negatively regulate MMP-2 and MMP-9 activities and inhibit tumor angiogenesis and metastasis (24, 25) . Although RECK mRNA is highly expressed in most of normal human tissues and untransformed cells, it is downregulated or undetectable in many tumor cell lines or in cells ectopically expressed active oncogenes (24) .
Our recent study showed that RAS oncogene suppressed RECK expression via inhibition of its transcription (26) . Additionally, we found that oncogenic RAS inhibited RECK expression through a histone deacetylation mechanism. In this study, we further show the involvement of DNA methyltransferases (DNMT) in the inhibition of RECK by RAS oncogene.
Materials and Methods
Cell culture and experimental reagents. The 2-12 cells provided by Dr. H.S. Liu (National Cheng Kung University, Tainan, Taiwan) were established by introducing an inducible Ha-RAS Val12 oncogene under the control of Escherichia coli lac operator/repressor system into NIH3T3 cells (27) . H358 and CL1.0 human lung cancer cells were gifts of Dr. K. Fang (National Taiwan Normal University, Taiwan) and Dr. M.L. Kuo (National Taiwan University, Taiwan), respectively. Cells were routinely cultured in DMEM/F-12 containing 10% FCS and antibiotics. One-step reverse transcription-PCR (RT-PCR) kit was from Qiagen (Valencia, CA). Kinase inhibitor U0126 and SP600126 were from Tocris (Northpoint, United Kingdom). Anti-DNMT1, anti-DNMT3a, and anti-DNMT3b antibodies were obtained from Abcam (Cambridge, MA). Anti-RECK antibody was purchased from MBL (Nagoya, Japan). Anti-RAS antibody was obtained from BD Biosciences (San Jose, CA) and anti-actin antibody was purchased from Chemicon (Temecula, CA).
RNA extraction and RT-PCR. Total RNA was isolated from cells and RECK expression was investigated by using the one-step RT-PCR kit according to the manufacturer's protocol. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control to check the efficiency of cDNA synthesis and PCR amplification. cDNA synthesis was carried out at 50jC for 30 minutes and the condition for PCR was 30 cycles of denaturation (94jC for 1 minute), annealing (60jC for 1 minute), and extension (72jC for 1 minute) and 1 cycle of final extension (72jC for 10 minutes). The predicted sizes for PCR products for RECK and GAPDH were 477 and 512 bp, respectively. Sequences of the primers are RECK forward 5 ¶-CCTCAGTGAGCACAGTTCAGA-3 ¶ and reverse 5 ¶-GCAGCACAC-ACACTGCTGTA-3 ¶ and GAPDH forward 5 ¶-GAGTCAACGGATTTGGTCGT-3 ¶ and reverse 5 ¶-TGTGGTCATGAGTCCTTCCA-3 ¶. After reaction, PCR products were separated on a 2% of 0.5Â Tris-borate EDTA agarose gel, stained with ethidium bromide, and visualized under UV light.
Western blot analysis. Cells were harvested and equal amount of cellular proteins was subjected to SDS-PAGE as described previously (28) . Proteins were transferred to nitrocellulose membranes and the blots were probed with various primary antibodies. Enhanced chemiluminescence reagents were used to detect the proteins on the membranes.
DNA affinity precipitation assay. We used biotin-labeled DNA probe to interact with nuclear proteins and precipitated the DNA-protein complex by streptavidin-coated agarose beads. After centrifugation, the beads were collected and washed, and proteins were eluted by SDS-PAGE sample buffer. The binding proteins were separated by 7.5% or 12% polyacrylamide gels and analyzed by Western blot analysis. The sequence of DNA probe is 5 ¶-GCGCGGGGGGCGGGGCCTGGTGCC-3 ¶ containing the Sp1 site localized at the À82/À71 bp region, originally designed as Sp1(B) in the study of Sasahara et al. (24) , of mouse RECK promoter. DNA affinity precipitation assays (DAPA) were done according to the procedures described previously (26) .
Chromatin immunoprecipitation assay. Cells were fixed with 1% formaldehyde at 37jC for 10 minutes. Cells were washed twice with icecold PBS containing protease inhibitors (1 mmol/L phenylmethylsulfonyl fluoride, 1 Ag/mL aprotinin, 1 Ag/mL pepstatin A), scraped, and pelleted by centrifugation at 4jC. Cells were resuspended in a lysis buffer [1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl (pH 8.1)], incubated for 10 minutes on ice, and sonicated to shear DNA. After sonication, lysate was centrifuged for 10 minutes at 13,000 rpm at 4jC. 3 , 200 mmol/L NaCl) and the cross-links were reversed by heating at 65jC for 4 hours. After reaction, the samples were adjusted to 10 mmol/L EDTA, 20 mmol/L Tris-HCl (pH 6.5), and 40 Ag/mL proteinase K and incubated at 45jC for 1 hour. DNA was recovered and subjected to PCR amplification by using the primers specific for the detection of the À107/+52 region, which contained the Sp1(B) site of RECK promoter. The sequences for the primers are sense 5 ¶-GAACCGAGAGACCACTAACC-3 ¶ and antisense 5 ¶-GACGATGAAGAC-GACCGGC-3 ¶. The predicted size for PCR product is 159 bp.
Methylation-specific PCR analysis. Genomic DNA was extracted from the control or isopropyl-L-thio-h-D-galactopyranoside (IPTG)-treated cells by using the QIAamp DNA Mini kit (Qiagen). The DNA was modified with sodium bisulfite and analyzed according to the procedures of CpGenome DNA Modification kit (Chemicon). The sets of primers were methylated sense 5 ¶-GTTTTTGATTTTTCGTTTGAAGATC-3 ¶ and antisense 5 ¶-CTCTAA-TAATTAACTACGACTCGCT-3 ¶ for the methylated sequence of mouse RECK promoter and unmethylated sense 5 ¶-TTTTGATTTTTTGTTTGAAGATTGT-3 ¶ and antisense 5 ¶-TCCTAATAATTAACTACAACTCACT-3 ¶ for the unmethylated sequence of mouse RECK promoter. The predicted products for methylated and unmethylated DNA are 173 and 172 bp, respectively. We also used the following primers for the detection of methylation of human RECK promoter: methylated sense 5 ¶-AATAAAGAGTTTTGG-TACGGGGTAC-3 ¶ and antisense 5 ¶-AAAACCGCGAAATACTCGAA-3 ¶ for the methylated sequence of human RECK promoter and unmethylated sense 5 ¶-TAAAGAGTTTTGGTATGGGGTATGT-3 ¶ and antisense 5 ¶-CTCCA-AACCACAAAATACTCAAA-3 ¶ for the unmethylated sequence of human RECK promoter. The predicted products for methylated and unmethylated DNA are 195 and 199 bp, respectively. Modified DNA was amplified in 50 AL reaction mixtures containing 5 AL of 10Â PCR buffer, 14 AL of 25 mmol/L MgCl 2 , 2.5 AL of 25 mmol/L deoxynucleotide triphosphate, 1 AL of each primer (300 ng/AL), and 0.5 unit AmpliTaq Gold DNA polymerase (Roche, Palo Alto, CA). PCR was carried out in a thermal cycler for 35 cycles (denaturation at 95jC for 1 minute, annealing at 56jC for 2 minutes, and extension at 72jC for 1 minute) followed by a final 5-minute extension at 72jC. PCR products were separated in 2% agarose gels, stained with ethidium bromide, and visualized under UV illumination.
In vitro invasion assay. In vitro invasion assay was done by using 24-well Transwell units with polycarbonate filters (pore size, 8 After incubation, noninvaded cells on the top part of the membrane were removed with a cotton swab. Invaded cells on the bottom surface of the membrane were fixed in formaldehyde, stained with Giemsa solution, and counted under a microscope. In some experiments, 2-12 or human lung cancer cells were transfected with nonspecific or DNMT3b small interfering RNA (siRNA; 30 nmol/L) and incubated with IPTG for 48 hours. Cells were harvested and seeded to the top part of the Transwell unit. After another 24 hours, invaded cell numbers were counted as described above.
siRNA treatment. RECK siRNA 5 ¶-AAGACCCAGCCCUUGCCUCAA-3 ¶ (sense) and a nonspecific RNA 5 ¶-AACGUUGCGAUAGCGUAGUAC-3 ¶ were synthesized (Dharmacon Research, Inc., Lafayette, CO). DNMT3b siRNA 5 ¶-GGAUGCUAUUGUGAAUGUGTT-3 ¶ and 5 ¶-GCACUUUAAUCUGGCUACC-TT-3 ¶ were obtained from Ambion (Austin, TX) and used to target mouse ( for 2-12 cells) and human ( for H358 cells) DNMT3b, respectively. Cells were transfected with siRNA by using the LipofectAMINE reagent.
Results

RAS activation increases DNMT3b expression in 2-12 cells.
We first studied the effect of RAS oncogene on the expression of DNMTs. We have shown previously that IPTG at the concentrations of 1 to 5 mmol/L effectively induced oncogenic RAS protein expression in 2-12 cells after a 24-hour stimulation (26) . As shown in Fig. 1A , treatment of 1 mmol/L IPTG induced RAS protein expression and down-regulated RECK protein level in 2-12 cells. In addition, we found that IPTG up-regulated DNMT3b, but not DNMT1 and DNMT3a, in both protein (Fig. 1B) and RNA (Fig. 1C ) levels in a concentration-dependent manner. We next investigated the signaling pathways by which RAS increased DNMT3b expression. Our data indicated that up-regulation of DNMT3b by RAS is mediated via the extracellular signal-regulated kinase (ERK) signaling pathway; we found that the MEK inhibitor U0126, but not c-Jun NH 2 -terminal kinase inhibitor SP600126, effectively suppressed this induction at both mRNA and protein levels (Fig. 1D) .
Oncogenic RAS increases DNMT3b-mediated methylation of RECK promoter. The studies from our and other groups have shown that a Sp1-binding site localized at the À82/À71 bp region from translation start site of RECK gene is critical for the inhibition of RECK by RAS (24, 26) . Thus, we investigated whether DNMT3b bound to this region after RAS activation. By DAPA assay, we found that Sp1 protein bound to the DNA probe containing the Sp1 site localized at the À82/À71 bp region of RECK gene ( Fig. 2A) . Consistent with our previous data, the binding affinity of Sp1 was not altered after induction of RAS by IPTG. In contrast, RAS activation significantly increased the binding of DNMT3b to the DNA probe ( Fig. 2A) . As expected, DNMT1 did not bind to the DNA probe under the similar experimental conditions (data not shown). We also studied the binding of DNMT3b to RECK promoter in vivo. As shown in Fig. 2A , chromatin immunoprecipitation assays showed that RAS activation increased the binding of DNMT3b to RECK promoter in vivo. We next examined if DNMT3b binding induced methylation of RECK promoter. Our methylationspecific PCR (MSP) experiments showed that RAS activation significantly increased the methylation of RECK promoter, an effect that could be reversed by U0126 but not by SP600126 (Fig. 2B) . Collectively, these results suggest that oncogenic RAS up-regulates DNMT3b expression via the ERK signaling pathway and enhances its binding and methylation of RECK promoter. To clarify the role of promoter methylation on the inhibition of RECK by RAS, we tested the effect of a specific DNMT inhibitor 5 ¶-azacytidine on RECK expression. As shown in Fig. 2C , 5 ¶-azacytidine effectively reversed RAS-induced RECK promoter methylation. In addition, 5 ¶-azacytidine counteracted RAS-induced down-regulation of RECK mRNA and protein expression in 2-12 cells (Fig. 2D) . These data suggested that promoter methylation by DNMT3b is critical for RAS-induced gene silencing on RECK. To further confirm the importance of DNMT3b, we investigated whether RAS-induced RECK promoter methylation could be reversed by DNMT3b siRNA. As shown in Fig. 3A, DNMT3b siRNA, but not nonspecific dsRNA, effectively reversed RAS-mediated promoter methylation of RECK gene. In addition, DNMT3b siRNA suppressed DNMT3b expression and reversed RAS-mediated inhibition of RECK at both mRNA and protein levels ( Fig. 3B and C). Because our aforementioned results indicated that ERK was involved in the induction of DNMT3b, we also tested the effect of U0126 on RECK expression. As expected, U0126 counteracted the effect of RAS on down-regulation of RECK protein in 2-12 cells (Fig. 3D) .
RAS-induced cell invasion is reversed by 5 ¶-azacytidine and DNMT3b siRNA. We next addressed the functional role of RECK on RAS-induced cell invasion. Induction of oncogenic RAS protein significantly increased the invasive ability of 2-12 cells (Fig. 4A) . We found that an average 2.5-fold increase of invaded cell number was observed in IPTG-treated cells (Fig. 4B) . Treatment of 5 ¶-azacytidine obviously suppressed cell invasion induced by RAS (Fig. 4B) . To verify if this inhibitory effect was mediated by DNMT3b, we used siRNA to specifically knockdown DNMT3b expression. As shown in Fig. 4B , DNMT3b siRNA, but not nonspecific siRNA, effectively suppressed RAS-induced cell invasion. We next studied the importance of RECK in the inhibition of RAS-induced cell invasion by 5 ¶-azacytidine. RECK expression was inhibited by siRNA and the inhibitory action of 5 ¶-azacytidine on RAS-induced cell invasion was investigated. As shown in Fig. 4C , we found that RECK, but not nonspecific, siRNA effectively reduced RECK mRNA and protein levels in 2-12 cells. In agreement with our hypothesis, knockdown of RECK by siRNA reversed the inhibitory effect of 5 ¶-azacytidine on RAS-induced cell invasion (Fig. 4D) . These results indicated that RECK was a critical mediator for the anti-invasive activity from 5 ¶-azacytidine.
RAS activation is associated with the promoter methylation and the silencing of RECK gene in human lung cancer cells. Thus far, we showed a successful use of the inducible system to study the functional role of DNMT3b in RAS-induced downregulation of RECK. Next, we sought to determine if this functional aberration indeed occurred in human cancer. We chose two 
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www.aacrjournals.org human lung adenocarcinoma cell lines, H358 and CL1.0, to address this issue. H358 cells harbor a constitutively activated K-RAS gene (codon 12 mutation), whereas CL1.0 cells have wild-type K-RAS gene (30) . We found that RECK expression in H358 cells was obviously lower than that of CL1.0 cells (Fig. 5A ). MSP analysis indicated that RECK promoter was highly methylated in H358 but not in CL1.0 cells (Fig. 5B ) and the treatment of 5 ¶-azacytidine obviously up-regulated RECK mRNA and protein levels in H358 cells, whereas no significant change was observed in CL1.0 cells (Fig. 5C ). Because 5 ¶-azacytidine restored RECK expression in H358 cells, we investigated the effect of 5 ¶-azacytidine on cell invasion. As shown in Fig. 5D , 5 ¶-azacytidine potently inhibited invasiveness of H358 cells. On the contrary, 5 ¶-azacytidine did not significantly affect the invasive ability of CL1.0 cells. We next asked whether DNMT3b was involved in RAS-induced inhibition of RECK and up-regulation of cell invasion in H358 cells. We used siRNA to suppress DNMT3b expression and found that knockdown of DNMT3b increased RECK mRNA and protein expression in H358 Figure 2 . RAS induces DNMT3b binding and methylation of RECK promoter that can be reversed by 5 ¶-azacytidine. A, 2-12 cells were treated without or with 1 mmol/L IPTG for 24 hours and nuclear proteins were extracted. DNA probe containing the Sp1 site localized at the À82/À71 bp region from translational start site of RECK gene was incubated with nuclear proteins and DAPA assays were done to study the binding of DNMT3b to the probe. In chromatin immunoprecipitation assay, cells treated without or with IPTG were fixed with 1% formaldehyde. Cells were harvested and sonicated to shear DNA. DNMT3b or anti-Myc (negative control) antibody was added and incubated overnight at 4jC with rotation. The immunocomplex was collected and the binding of DNMT3b to RECK promoter was examined by chromatin immunoprecipitation assay. B, cells were preincubated with vehicle (V ), SP600126 (10 Amol/L), or U0126 (10 Amol/L) for 2 hours and stimulated with 1 mmol/L IPTG for 24 hours. Genomic DNA was isolated and modified with sodium bisulfite. The methylation status of RECK promoter was investigated by MSP analysis using the primers for the detection of unmethylated (U ) or methylated (M ) DNA. C, 2-12 cells were cotreated with IPTG and vehicle (H 2 O) or 5 ¶-azacytidine (AZC; 2.5 Amol/L) for 24 hours. RECK promoter methylation was investigated by MSP assay. D, total RNA was harvested and RECK expression was studied by RT-PCR. Cellular proteins were also extracted and subjected to SDS-PAGE. Protein level of RECK was studied by Western blot analysis. (Fig. 6A) . In addition, up-regulation of RECK by DNMT3b siRNA was associated with reduced cell invasion of H358 cells (Fig. 6B) . These results suggested that oncogenic RAS also acts via DNMT3b induction and promoter methylation to repress RECK expression in lung cancer cells.
5 ¶-Azacytidine restores RECK expression and suppresses invasiveness of H358 cells. To verify the importance of RECK on the inhibition of invasiveness of H358 cells by 5 ¶-azacytidine, we suppressed RECK expression by siRNA and tested the effect of 5 ¶-azacytidine. As shown in Fig. 6C , RECK siRNA effectively repressed mRNA and protein levels of RECK in H358 cells. Furthermore, our results clearly indicated that knockdown of RECK almost completely abolished the anti-invasive activity of 5 ¶-azacytidine (Fig. 6D) . Thus, restoration of RECK expression by 5 ¶-azacytidine is important for its inhibition of cell invasion of H358 lung cancer cells, which harbor constitutively activated RAS oncogene.
Discussion
In the current study, we clarify the functional role of DNMTs in RAS-induced down-regulation of the metastasis suppressor RECK by using a RAS-inducible system. We also study the methylation of RECK promoter and the regulation of RECK expression and test the effect of the DNMT inhibitor 5 ¶-azacytidine in human lung cancer cells that either harbor wild-type or constitutively activated RAS gene. Results of both investigations provide similar conclusions that RAS-induced down-regulation of RECK is mediated via a DNMT3b/promoter methylation mechanism. A genome-wide survey of RAS transformation targets indicates that both gene activation and repression are critical for the transformation by oncogenic RAS (31) . However, how oncogenic RAS suppresses gene transcription is largely unknown. Recent studies suggest that DNMTs may be involved in this process. For example, a study from Soejima et al. showed that DNMT3b was participated in RAS-induced inhibition of tumor suppressor genes, including FHIT, TLSC1, and RASSF1A (32). Similarly, a study from Ordway et al. showed that increased DNMT1 activity was critical for the transformation and gene repression by RAS oncogene (33) . More recently, Pruitt et al. reported that RAS-induced loss of the proapoptotic response protein PAR-4 was mediated by DNA hypermethylation through RAF-independent and RAF-dependent signaling cascades in epithelial cells (34) . These authors also indicated that expression of DNMT1 and DNMT3a were upregulated by oncogenic RAS. In agreement with these results, we found that DNMT3b expression increased after induction of oncogenic RAS protein. Moreover, we found that the ERK signaling pathway was involved in the activation of DNMT3b transcription by RAS. However, two questions remain unanswered at present. First, why are the expressions of DNMTs induced by RAS found in these studies are different? One possible explanation is that oncogenic RAS induces DNMT expression in a cell type-specific manner. Thus, the DNMTs up-regulated by RAS are dependent on the experimental cell lines used in the studies. Another possible explanation are the differences of the methods for the induction of oncogenic RAS. In most studies, investigators transfected constitutively activated RAS vector into cells to study the alteration of DNMTs (32) (33) (34) . It should be noted that DNMT1 expression is cell cycle dependent (35) . Constitutively activated RAS may change cell cycle distribution that leads to alterations in DNMT expression. Conversely, an inducible system is used in this study to address the effect of oncogenic RAS on DNMTs. We found that cell cycle distribution of 2-12 cells was not significantly altered after treatment of IPTG for 24 hours (data not shown), indicating that the difference of DNMT expression observed is not caused by the change of cell cycle distribution. Second, how does RAS act via ERK to stimulate DNMT3b expression? Characterization of human DNMT3b promoter indicates that the À604/À67 bp region of the promoter possess the basal promoter activity (36) . Prediction of transcription factor binding sites reveals that several Sp1-binding sites are localized in this region (36) . A straightforward speculation is that RAS stimulates ERK activity to phosphorylate Sp1 to activate DNMT3b transcription. Indeed, recent studies showed that ERK might directly phosphorylate Sp1 and activate Sp1-controlled gene transcription (37, 38) . More experiments are needed to verify whether RAS acts via Sp1 to stimulate DNMT3b.
Previous studies on oncogenic activity of RAS mainly focused on its effect on cell cycle regulators. RAS oncogene may activate cyclin D1 and E expression to promote cell cycle progression. In addition, RAS may negatively regulate p21 and p27 to antagonize the antiproliferative activity of these two cyclin-dependent kinase inhibitors. However, it is unclear if the inhibition of gene expression by oncogenic RAS plays a critical role in the induction of tumor metastasis. A recent genome-wide screening of RAS targets showed that RAS suppressed the expression of thrombospondin 1 and tissue inhibitor of metalloproteinase 1, two important antimetastatic genes, to enhance cell invasion (39) . Pathologic analysis also shows that inactivation of RASSF1A, a tumor suppressor that exhibits antimetastatic activity, is closely linked with RAS mutation in cancer cells (40, 41) . We now provide evidences that oncogenic RAS inhibits an important metastasis suppressor, RECK, through DNMT3b-mediated promoter methylation to enhance cell invasion. Most importantly, we found that reversion of RECK expression by DNMT inhibitor and DNMT3b siRNA effectively block RAS-induced cell invasion. These results are of clinical significance. RAS mutation is frequently found in human cancers. Therefore, targeting of RAS signaling pathway is an important issue for cancer therapy. Recently, several drugs have been developed for this purpose. The first class, which exhibits high target specificity, are antisense oligonucleotides. Several antisense oligonucleotides targeting RAS oncogene are now undergoing clinical trials (42) . The second class, which possesses less specificity, are prenyltransferase inhibitors. The covalent attachment of the prenyl group to RAS proteins is the first step for their post-translational modifications and is essential for the oncogenic activity of RAS proteins. Three prenyltransferases, including farnesyltransferase and geranylgeranyltransferase I and II, have been shown to catalyze this reaction and the inhibitors of these enzymes exhibit potent anticancer effect in vitro and in vivo (43) (44) (45) . However, recent studies indicated that prenyltransferase inhibitors may inhibit proliferation of RAS-mutated cancer cells via a RAS-independent pathway and may not be real anti-RAS drugs. Indeed, prenyltransferase inhibitors have been shown recently to target the phosphatidylinositol 3-kinase/AKT and mammalian target of rapamycin pathways to repress tumor growth (46) (47) (48) . Results from our study suggest that DNMT inhibitors may be Figure 5 . RAS mutation is correlated with down-regulation of RECK, which can be reversed by 5 ¶-azacytidine in human lung cancer cells. A, total RNA was isolated form CL1.0 (harbors wild-type K-RAS) and H358 (harbors constitutively activated mutant K-RAS) human lung cancer cell lines and RECK expression was investigated by RT-PCR and Western blot analysis. B, methylation status of RECK promoter in CL1.0 and H358 cells was studied by MSP. C, cells were treated without or with 5 ¶-azacytidine (2.5 Amol/L) for 24 hours and RECK expression was examined by RT-PCR and Western blot analysis. D, CL1.0 or H358 cells were incubated without or with 5 ¶-azacytidine (2.5 Amol/L) for 24 hours and cell invasion assay was done as described in Fig. 4 .
another novel class of drugs for the inhibition of RAS-induced tumorigenesis.
Because promoter methylation and gene silencing of tumor suppressor genes are frequently detected in various types of human cancer (49) , it is rational to speculate that DNMT inhibitors may exhibit anticancer actions. Indeed, nucleoside or nonnucleoside DNMT inhibitors are progressing into clinical trials recently. For example, two nucleoside inhibitors 5 ¶-azacytidine and decitabine have been tested in many phase I and II clinical trials for the treatment of different cancers (50) . More recently, 5 ¶-azacytidine (also named as Vidaza) has been approved by Food and Drug Administration for the treatment of myelodysplastic syndrome, a preleukemic bone marrow disorder (50) . Although the antiproliferative activity of DNMT inhibitors has been well studied, the application of DNMT inhibitors for the therapy on tumor metastasis is not known. Our results suggest that DNMT inhibitors are a novel class of antimetastatic drugs and may be useful for the treatment of RAS-induced metastasis. Figure 6 . DNMT3b siRNA restores RECK expression in H358 cells and RECK is critical for 5 ¶-azacytidine-induced inhibition of H358 cell invasion. A, H358 cells were transfected without or with nonspecific or DNMT3b-specific siRNA for 48 hours. DNMT3b and RECK expression was investigated by RT-PCR and Western blot analysis. B, H358 cells were transfected without or with nonspecific or DNMT3b-specific siRNA for 48 hours. Cell invasion assays were done. Columns, mean of three independent experiments; bars, SD. C, H358 cells transfected without or with nonspecific or RECK-specific siRNA were incubated with 5 ¶-azacytidine (2.5 Amol/L) for 48 hours. RECK expression was investigated by RT-PCR and Western blot analysis. D, cells were treated as described above and invasion assays were done. Columns, mean of three independent experiments; bars, SD.
